INTRODUCTION
Prolyl cis-trans isomerization is a rate-determining step in the folding of some proteins in vitro (Fischer and Schmid, 1990) . A 17 kDa cytosolic enzyme which catalyses this process has been purified from porcine kidney (Fischer et al., 1984) . Sequencing of this enzyme revealed it to be identical with cyclophilin (Fischer et al., 1989; Takahashi et al., 1989) , the major high-affinity binding protein for the immunosuppressive drug cyclosporin A (CsA). Another class of immunophilins that exhibit peptidyl prolyl cis-trans-isomerase (PPI) activity are the FKBPs (FK506-binding proteins), and they can be distinguished from the cyclophilins by their ability to bind the immunosuppressant FK506 (Siekierka et al., 1989) .
CsA is a cyclic undecapeptide and FK506 is a member of the macrolide antibiotic family. The two are structurally unrelated, and cross-inhibition between the two is not observed. N.m.r. and X-ray crystal structures of cyclophilin, cyclophilin-CsA complex, FKBP, and FKBP-FK506 complex have been determined (Fesik et al., 1990; Kallen et al., 1991; Michnick et al., 1991; Ke et al., 1991; Van Duyne et al., 1991) . These studies indicate that although both proteins are able to catalyse the process of prolyl isomerization, cyclophilin and FKBP share no primary sequence similarity, nor are there any similarities in their tertiary structures.
The functions of these immunophilins in vivo are unclear. The binding of immunophilin to its respective immunosuppressant (cyclophilin-CsA and FKBP-FK506) results in a number of responses which include the prevention of T-cell response to antigen, binding and regulating the activity of calcineurin, and preventing nuclear import of a T-cell activation transcription factor [for a review, see Schreiber and Crabtree (1992) ]. Members of each family (cyclophilin and FKBP) are ubiquitous, show high sequence similarity and are able to catalyse the process of prolyl isomerization in vitro, and so they may play a role in protein folding in vivo.
The physiological role of these abundant cytosolic proteins remains unresolved. In another study [the preceding paper (Bose and Freedman (1994) ] we examined the subcellular distribution of PPI activity. We demonstrated the existence of a latent PPI activity in washed and proteinase-treated microsomes. We proproline-containing peptide N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide, as well as the refolding of RNAase TI. Kinetic properties, substrate-specificity data and inhibition by cyclosporin A indicate that it is a cyclophilin-type PPI, consistent with the amino-acid-sequence results.
posed that this activity is due to an endoplasmic-reticulum (ER)-located PPI which may promote folding of secretory proteins at biosynthesis. Here, we have purified the ER-located PPI from bovine liver microsomes. 
Preparation of washed microsomes
Crude microsomal vesicles were prepared by differential centrifugation of fresh bovine liver as described by Tangen et al. (1973) . Crude microsomal pellets were resuspended in minimum volume of 500 mM KCI/50 mM Tris/HCl, pH 7.5, and washed to minimize contamination with bound cytosolic PPI [the accompanying paper (Bose and Freedman (1994) Stoscheck (1990) , with BSA as standard. The purity of the PPI sample was analysed by SDS/15%-(w/v)-PAGE (Laemmli, 1970) . Gels were stained with Coomassie Blue G. Proteins were transferred to nitrocellulose (Towbin et al., 1979) and probed with antibodies (Treharne et al., 1988) . The affinity-purified rabbit anti-[bovine protein disulphide-isomerase (PDI)] was used at 1: 250 dilution, and the rat monoclonal anti-KDEL (MAC 256) at 1:100, and the blots were developed with appropriate second antibodies (from DAKO-immunoglobulins, Glostrup, Denmark) using the ECL (enhanced chemiluminescence) method of detection.
PPI activity
PPI activity was measured using the standard coupled chymotrypsin assay (Fischer et al., 1984) employing the oligopeptide Nsuccinyl-Ala-Ala-Pro-Phe p-nitroanilide. For the sequencespecificity studies, the assay was carried out with the standard peptide (as above) as well as N-succinyl-Ala-Leu-Pro-Phe pnitroanilide and N-succinyl-Ala-Glu-Pro-Phep-nitroanilide. The assays were carried out at 10°C and the data collected were fitted to a first-order rate equation and activity was calculated as described in the accompanying paper (Bose and Freedman 1994) .
Purificafton of ER-specfflc PPI
Washed microsomes were permeabilized using 0.5 % Triton X-100 at 4 "C for 20 min, and then microsomes were centrifuged at 100000 g (35 500 rev./min) for 90 min at 4 "C using a fixed-angle rotor. The resultant supernatant was dialysed against 20 mM Tris/HCl, pH 8.0. This was loaded on to an HR 10/10 Mono Q column equilibrated with the same buffer. PPI activity was detected in the unbound protein peak which was dialysed against 20 mM Mes, pH 6.2. The dialysed sample was applied to a HR 5/5 Mono S column equilibrated with the same buffer. Bound protein was eluted at a flow rate of 0.5 ml/min with a linear 0-1 M NaCl gradient over 20 column volumes. Both columns were run using a Pharmacia f.p.l.c. apparatus. Bose and Freedman (1992) and the accompanying paper (Bose and Freedman, 1994) ] had shown that the luminal content of washed microsomes has a high specific PPI activity which is inhibited by CsA and is therefore presumably of the cyclophilin type. The purification method for this ER-specific PPI was developed using the high pl values of known cyclophilins (Handschumacher et al., 1984; Harding et al., 1986) . Purification of an ER-specific PPI was achieved by solubilization of washed microsomes, followed by anion-and cation-exchange steps (Table 1 ). The active soluble component was applied to a Mono Q column (anion-exchanger) and, at the pH used, the active protein fractions were associated with the unbound-protein peak. This then bound to the Mono S column (cation-exchanger) at the pH used. Elution of this column with a linear salt gradient resulted in the release of proteins in two major peaks (Figure 1 ). Active fractions were associated with the second major peak (Figure 1 ), which was eluted at 0.35 M NaCl. Analysis of SDS/PAGE revealed this peak to contain a homogeneous 20.6 kDa protein (Figure 2 ). This 20.6 kDa PPI species was found to be 1 % of the total soluble component of washed microsomes, and a 14-fold purification was achieved. N-terminal sequencing of this active 20.6 kDa protein showed that this protein had high sequence similarity to the deduced Ntermini of the cyclophilin B family of PPI that have been identified by cDNA sequencing (Figure 3 ). These N-terminal sequences are distinctive. Analysis of cDNA sequences of the cyclophilin B family shows that they have an N-terminal signal sequence, which directs them to the ER, followed by a distinct N- family have been shown to have a C-terminal decapeptide extension which again is distinct from the other forms of PPI discussed (Arber et al., 1992 terminal extension, which is lysine-rich and is different from those of the cytosolic and mitochondrial cyclophilins. The cytosolic form (cyclophilin A) has no N-and C-terminal extensions, and the mitochondrial form (cyclophilin 3) has been shown to have a serine-rich N-terminal extension (Connern and Halestrap, 1992) . In addition, the PPIs of the cyclophilin B Characterization of ER-specfflc PPI Cytosolic PPI is a well-characterized protein. Its kinetics have been determined using the coupled assay based on peptide substrate for chymotrypsin, and it has also been shown to refold small proline-containing proteins. RNAase Tl has been used as a model system to demonstrate the latter function. In our study we examined the kinetics of the purified microsomal PPI and compared it with the well-characterized cytosolic PPI.
The purified protein was found to be active as a PPI when assayed with the synthetic peptide N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide, using the well-characterized coupled assay with chymotrypsin (Fischer et al., 1984) . The reaction obeyed firstorder kinetics, and the rate constant of the catalysed reaction increased linearly with the ER PPI concentration ( Figure 5 ). The kcat./Km ratio was determined to be 3.0 x 106 M-1 * s-I from the gradient of this plot. This value compares well with those found by Schonbrunner et al. (1991), who compared the kinetics of cytosolic PPIs from different species and found that the catalytic Table 2 Substrate specificity of microsomal PPI compared with porcine cytosolic PPI (pCYP) and bovine FKBP (bFKBP) Data for pCYP are from the work of R. Schonbrunner, F. X. Schmid and G. Fischer (F. X. Schmid, personal communication). Data for bFKBP are from Harrison and Stein, 1990 . 10 refers to the initial time constant in the absence of PPI (-PPI) and r refers to the time constant in the presence of PPI (+ PPI). r is the reciprocal of the first-order rate constant and will therefore have units of s. Figure 6 Inhibition by CsA of the prolyl isomerase activity of the microsomal PPI
Identity of
The decrease in activity with increasing CsA concentration is expressed relative to the activity in the absence of the inhibitor; conditions were as described in the Materials and methods section.
efficiencies of the various PPIs are high and the difference between species is small. Connern and Halestrap (1992) have reported that mitochondrial PPI is also kinetically similar to the cytosolic form. So it seems that all cyclophilins identified to date are kinetically similar, regardless of cellular localization and species.
CsA the immunosuppressive drug that binds only to the cyclophilin-type PPIs, was found to inhibit the activity of the purified protein ( Figure 6) (Kiefhaber et al., 1990a,b,c) are determined by the isomerization of two proline residues, Pro-39 and Pro-55, both of which are in the cis conformation in the native protein (Heinemann and Saenger, 1982) . The refolding of RNAase TI in the presence or absence of ER PPI is shown in Figure 7 . 
Conclusion
We have demonstrated the existence of a novel cyclophilin-type PPI that is associated with the luminal content of the ER. This PPI is abundant, highly active and is able to catalyse slow protein-folding reactions, indicating that it may play a role in protein-folding processes in this compartment. The specific activity with the standard peptide substrate, the substrate specificity, the Ki for CsA and the catalytic refolding of RNAase TI all indicate a very clear identity in catalytic properties between this luminal PPI and the well-characterized cytosolic PPI/cyclophilin. This is consistent with the N-terminal sequence, which shows a high level of identity with those of the cyclophilin B family. The purification of an ER-specific PPI means that the role of this enzyme in the folding of nascent polypeptide chains can be examined.
